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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
Flaw assessments assume homogeneous material properties, but welds are heterogeneous. A procedure to account for heterogeneity 
effects on crack driving force (developed at Ghent University and Limerick University) requires strength properties along slip lines 
originating from the defect tip. For uniaxial tension loading, these lines are assumed straight and oriented 45° to the axis of loading. 
The presented paper investigates the soundness of this assumption. Clamped single-edge notched tension tests and simulations 
have been performed on base metal and welded specimens. Extensive deformation analyses reveal the evolution of slip line 
trajectories as the specimen deforms. Observed slip lines  in base metal specimens are initially close to the assumed 45° trajectories, 
but deviate towards the notch section as deformation is increased. The change in angle is roughly linear as a function of crack tip 
opening displacement. Deformation analyses of the welded specimens reveal that hard regions can serve as barriers, causing slip 
lines to deviate from linearity and split into different branches. The implications of these observations on the flaw assessment of 
heterogeneous welds are investigated in ongoing work. 
© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of ECF21. 
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1. Introduction 
The integrity evaluation of defect d structur s requires a quantification of crack driving force. Most assessment 
procedures assume the defect to be surrounded by homogeneous material, thus allowing to consult compendia of crack 
force solutions for simplified configurations. Hereby, a unique weld strength mismatch level is mostly assumed for 
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the entire weld, whose geometry is often simplified (‘idealised’) by assuming straight and parallel fusion lines. Arc 
welds, however, have an irregular geometry and comprise a wide variety of microstructures, giving rise to local 
gradients in strength properties. Their complex nature is illustrated in Fig. 1, depicting an example 5 kgf Vickers 
hardness map of a shielded metal arc weld (SMAW) extracted from a steel pipeline. Note both the quantitative 
significance and the spatial complexity of weld heterogeneity. 
 
 
 
 
 
 
Fig. 1. 5 kgf Vickers hardness map (right) of a SMAW weld (left), clearly indicating heterogeneous weld properties. 
The Universities of Ghent and Limerick have developed a methodology (‘weld homogenisation’) to translate a 
complex heterogeneous weld into an idealised weld that shows a similar crack driving force response (see Hertelé et 
al., 2014, for details). It requires local weld metal properties along the slip lines originating from the defect which, 
focussing on scenarios of remote tension, are assumed straight and oriented at 45° with respect to the axis of loading. 
The underlying theory to this simplification (slip line field analysis) involves severe theoretical assumptions, among 
which: 
 
 rigid and perfectly plastic material behaviour; 
 homogeneous material; 
 two-dimensional plane strain deformation; 
 small deformation analysis, as finite deformations would alter the boundary conditions of the problem. 
 
None of these assumptions are valid for actual defected welds undergoing plastic deformation up to the level of 
collapse. This may give rise to errors in crack driving force prediction through weld homogenisation. Concretely, 
prediction errors up to 5% on tensile load corresponding with a prescribed crack driving force have been observed in 
numerical studies reported by Hertelé et al. (2014, 2015). 
This study investigates the soundness of assuming 45° oriented slip lines in surface defected, tension loaded welds. 
The clamped single-edge notched tension (SE(T)) test is chosen as a research tool, given its widespread use for weld 
defect assessment in applications involving low crack tip constraint. The paper is structured as follows. Section 2 
introduces the numerical and experimental research methods, including SE(T) simulations and testing. Particular 
attention is given to an algorithm to analyse the (plastic) deformation behaviour of SE(T) specimens. Results are 
provided and discussed in section 3 and conclusions are drawn in section 4. 
2. Numerical and experimental methods 
2.1. Analysis of deformation in the vicinity of a (weld) defect 
The explanation below is graphically summarized in Fig. 2. Slip line field theory predicts trajectories along which 
the critical shear stress of a rigid-perfectly plastic material is attained upon plastic deformation. The resulting local 
discontinuity in tangential displacement velocity is reflected in an infinitely narrow band of plastic deformation. For 
realistic materials (showing linear elasticity and plastic work hardening), this band has a finite width and a unique slip 
line definition is less unambiguous. Therefore, a slip line is in this work defined as the trajectory of maximum 
equivalent plastic strain (eq,pl) originating from the defect tip (and eventually reaching the specimen surface opposite 
to the notch). The analysis is performed on a two-dimensional basis, i.e., in a plane perpendicular to the defect front. 
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Fig. 2. Graphical summary of slip line analysis procedure. 
The slip line analyses of this work comprise the discretization of the plane of interest into a grid of points, from 
which strain information is extracted. The spatial resolution of this grid determines the degree of detail of the slip line 
trajectory. A fine grid density of 36 analysis points per square millimetre is adopted. The grid point having a maximum 
eq,pl is determined for each line of points parallel to the notch. A slip line is then obtained by connecting these points 
between adjacent lines. This analysis was repeated at different levels of applied deformation throughout the 
simulations/experiments, to judge on effects of boundary conditions. It is worth mentioning that slip lines can be 
plotted in the initial geometry or in the actual, deformed geometry (this comprises a distortion of the regular point 
grid). Whereas the latter provides actual slip line geometries, the former is useful to link slip lines to locations within 
a weld macrograph and their local properties. 
The extraction of strain output differs for numerical simulations and experimental testing. As regards simulations, 
equivalent plastic strain is a direct nodal output in the finite element software package ABAQUS® (version 6.14). 
Hereby, slip line analyses can be performed in different planes (at or below the specimen surface), characterized by 
different levels of out-of-plane restraint. As regards experiments, digital image correlation (DIC) was used to obtain 
full field surface strain distributions from experimental tests. Here, the analysis is restricted to the specimen surface, 
and exact calculations of eq,pl from the measured strain distributions are impossible as DIC does not distinguish 
between linear-elastic and plastic components of strain. Therefore, the linear-elastic contribution to strain in slip lines 
was assumed negligible and analyses were based on the equivalent total strain eq. Assuming proportional loading, 
this strain is given by (applying Einstein’s summation convention for the logarithmic strain tensor components ij): 
ijijeq  3
2     (1) 
Expressing Eq. (1) in terms of principal strains (in-plane 1, 2 and out-of-plane 3) and assuming conservation of 
volume (i = 0; valid for rigid material behaviour) yields the following simplified expression: 
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2  eq     (2) 
where 1 and 2 were readily extracted using the commercial DIC analysis software VIC3D® (version 7). It is noted 
that Eq. (2) has been adopted by other researchers for DIC-based slip line analysis, e.g. Fagerholt et al. (2012). 
Having extracted slip lines based on the methodology above, lines were fitted by linear regression and characterized 
by their ‘slip line angle’  as defined in Fig. 2. As two slip lines are expected to originate from a defect tip, two angles 
are obtained. For symmetrical configurations, these are equal. 
2.2. Clamped SE(T) simulations 
Three-dimensional clamped BxB SE(T) specimens have been investigated using a finite element model developed 
by Verstraete et al. (2014). An example configuration is shown in Fig. 3. Width B and thickness W were arbitrarily 
taken 20 mm, and the specimen length L is 10W. Notable is the introduction of a transverse symmetry plane to reduce 
computational work load, the presence of notch side grooves, and a notch tip surrounded by a spider-web mesh 
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of equivalent
(plastic) strain
Connection
of points
on a grid
Linear
regression
analysis 
 Stijn Hertelé et al. / Procedia Structural Integrity 2 (2016) 1763–1770 17652 Hertelé et al. / Structural Integrity Procedia  00 (2016) 000–000 
the entire weld, whose geometry is often simplified (‘idealised’) by assuming straight and parallel fusion lines. Arc 
welds, however, have an irregular geometry and comprise a wide variety of microstructures, giving rise to local 
gradients in strength properties. Their complex nature is illustrated in Fig. 1, depicting an example 5 kgf Vickers 
hardness map of a shielded metal arc weld (SMAW) extracted from a steel pipeline. Note both the quantitative 
significance and the spatial complexity of weld heterogeneity. 
 
 
 
 
 
 
Fig. 1. 5 kgf Vickers hardness map (right) of a SMAW weld (left), clearly indicating heterogeneous weld properties. 
The Universities of Ghent and Limerick have developed a methodology (‘weld homogenisation’) to translate a 
complex heterogeneous weld into an idealised weld that shows a similar crack driving force response (see Hertelé et 
al., 2014, for details). It requires local weld metal properties along the slip lines originating from the defect which, 
focussing on scenarios of remote tension, are assumed straight and oriented at 45° with respect to the axis of loading. 
The underlying theory to this simplification (slip line field analysis) involves severe theoretical assumptions, among 
which: 
 
 rigid and perfectly plastic material behaviour; 
 homogeneous material; 
 two-dimensional plane strain deformation; 
 small deformation analysis, as finite deformations would alter the boundary conditions of the problem. 
 
None of these assumptions are valid for actual defected welds undergoing plastic deformation up to the level of 
collapse. This may give rise to errors in crack driving force prediction through weld homogenisation. Concretely, 
prediction errors up to 5% on tensile load corresponding with a prescribed crack driving force have been observed in 
numerical studies reported by Hertelé et al. (2014, 2015). 
This study investigates the soundness of assuming 45° oriented slip lines in surface defected, tension loaded welds. 
The clamped single-edge notched tension (SE(T)) test is chosen as a research tool, given its widespread use for weld 
defect assessment in applications involving low crack tip constraint. The paper is structured as follows. Section 2 
introduces the numerical and experimental research methods, including SE(T) simulations and testing. Particular 
attention is given to an algorithm to analyse the (plastic) deformation behaviour of SE(T) specimens. Results are 
provided and discussed in section 3 and conclusions are drawn in section 4. 
2. Numerical and experimental methods 
2.1. Analysis of deformation in the vicinity of a (weld) defect 
The explanation below is graphically summarized in Fig. 2. Slip line field theory predicts trajectories along which 
the critical shear stress of a rigid-perfectly plastic material is attained upon plastic deformation. The resulting local 
discontinuity in tangential displacement velocity is reflected in an infinitely narrow band of plastic deformation. For 
realistic materials (showing linear elasticity and plastic work hardening), this band has a finite width and a unique slip 
line definition is less unambiguous. Therefore, a slip line is in this work defined as the trajectory of maximum 
equivalent plastic strain (eq,pl) originating from the defect tip (and eventually reaching the specimen surface opposite 
to the notch). The analysis is performed on a two-dimensional basis, i.e., in a plane perpendicular to the defect front. 
 
 Hertelé et al. / Structural Integrity Procedia 00 (2016) 000–000  3 
 
 
 
 
 
 
 
Fig. 2. Graphical summary of slip line analysis procedure. 
The slip line analyses of this work comprise the discretization of the plane of interest into a grid of points, from 
which strain information is extracted. The spatial resolution of this grid determines the degree of detail of the slip line 
trajectory. A fine grid density of 36 analysis points per square millimetre is adopted. The grid point having a maximum 
eq,pl is determined for each line of points parallel to the notch. A slip line is then obtained by connecting these points 
between adjacent lines. This analysis was repeated at different levels of applied deformation throughout the 
simulations/experiments, to judge on effects of boundary conditions. It is worth mentioning that slip lines can be 
plotted in the initial geometry or in the actual, deformed geometry (this comprises a distortion of the regular point 
grid). Whereas the latter provides actual slip line geometries, the former is useful to link slip lines to locations within 
a weld macrograph and their local properties. 
The extraction of strain output differs for numerical simulations and experimental testing. As regards simulations, 
equivalent plastic strain is a direct nodal output in the finite element software package ABAQUS® (version 6.14). 
Hereby, slip line analyses can be performed in different planes (at or below the specimen surface), characterized by 
different levels of out-of-plane restraint. As regards experiments, digital image correlation (DIC) was used to obtain 
full field surface strain distributions from experimental tests. Here, the analysis is restricted to the specimen surface, 
and exact calculations of eq,pl from the measured strain distributions are impossible as DIC does not distinguish 
between linear-elastic and plastic components of strain. Therefore, the linear-elastic contribution to strain in slip lines 
was assumed negligible and analyses were based on the equivalent total strain eq. Assuming proportional loading, 
this strain is given by (applying Einstein’s summation convention for the logarithmic strain tensor components ij): 
ijijeq  3
2     (1) 
Expressing Eq. (1) in terms of principal strains (in-plane 1, 2 and out-of-plane 3) and assuming conservation of 
volume (i = 0; valid for rigid material behaviour) yields the following simplified expression: 
21
2
2
2
13
2  eq     (2) 
where 1 and 2 were readily extracted using the commercial DIC analysis software VIC3D® (version 7). It is noted 
that Eq. (2) has been adopted by other researchers for DIC-based slip line analysis, e.g. Fagerholt et al. (2012). 
Having extracted slip lines based on the methodology above, lines were fitted by linear regression and characterized 
by their ‘slip line angle’  as defined in Fig. 2. As two slip lines are expected to originate from a defect tip, two angles 
are obtained. For symmetrical configurations, these are equal. 
2.2. Clamped SE(T) simulations 
Three-dimensional clamped BxB SE(T) specimens have been investigated using a finite element model developed 
by Verstraete et al. (2014). An example configuration is shown in Fig. 3. Width B and thickness W were arbitrarily 
taken 20 mm, and the specimen length L is 10W. Notable is the introduction of a transverse symmetry plane to reduce 
computational work load, the presence of notch side grooves, and a notch tip surrounded by a spider-web mesh 
Concentration
of equivalent
(plastic) strain
Connection
of points
on a grid
Linear
regression
analysis 
1766 Stijn Hertelé et al. / Procedia Structural Integrity 2 (2016) 1763–17704 Hertelé et al. / Structural Integrity Procedia  00 (2016) 000–000 
enabling an accurate computational fracture mechanics analysis. The side groove depth (0.05W) and notch tip radius 
75 µm were chosen in agreement with the experimental work (section 2.3). Also note that a smaller notch tip radius 
tends to give rise to analysis convergence issues in combination with the adopted finite strain formulation (necessary 
to simulate a plastic collapse phenomenon). The model requires roughly 20,000 eight-node linear brick elements with 
reduced integration. Plasticity was described by an isotropic hardening formulation adopting the von Mises yield 
surface and Ramberg-Osgood power-law hardening:  
n
yyy 




 



     (3) 
Hereby,  and  represent true stress and strain, y/y is Young’s modulus E, n is the strain hardening exponent and 
αy = 0.002 so that y is equal to the 0.2% proof stress (which was arbitrarily taken 500 MPa). Crack initiation and 
growth by ductile tearing was not modelled. Crack driving force was characterized in terms of crack tip opening 
displacement (CTOD), which was calculated using Rice’s 90° intercept method. 
 
 
 
 
 
 
 
 
Fig. 3. Overview of the finite element model (configuration shown has a/W = 0.3). 
An object-oriented Python scripting approach allows to execute parametric studies (including generation and 
(post)processing of simulations) with a minimum of user effort. In this paper, three potential influence factors to the 
trajectory of slip lines are investigated in a parametric study: Young’s modulus E (200 and 20,000 GPa), strain 
hardening exponent n (10, 15, 20, 500) and relative notch depth a/W (0.3, 0.5). The first two factors deserve 
consideration since slip line field theory is based on rigid-perfect plasticity (E and n  ). The third factor is 
investigated since higher a/W values promote local ligament bending, which may alter the trajectory of the slip line. 
The largest values of E and n were selected to approximate rigid and perfectly plastic behaviour on which slip line 
field theory is based, yet avoiding analysis convergence issues that would arise by choosing infinite values. 
The numerical work in this paper is fully based on homogeneous specimens as these provide a basic understanding 
of slip line behaviour in absence of heterogeneity effects. Noteworthy, a convincing experimental validation of 
numerical slip line predictions in homogeneous specimens has been reported by Van Gerven et al. (2015). A 
parametric finite element study involving complex heterogeneous welds is ongoing and outside the scope of this paper, 
the reader being referred to Hertelé et al. (2015) for more related information.  
2.3. Clamped SE(T) testing 
This paper extensively reports on the results of a selected experimental clamped SE(T) test of a girth weld 
connecting 36” diameter API 5L X60 pipes having a nominal wall thickness of 12.2 mm (depicted in Fig. 1). Reported 
observations with respect to slip line trajectories are in line with other SE(T) tests, excluded here for the sake of 
brevity.  
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The specimen had a square cross section (B = W = 9.70 mm, significantly lower as the pipe wall thickness due to 
weld misalignment) and a daylight length L between two mechanical clamping grips equal to 10W. A notch with initial 
depth a0/W = 0.4 and root radius 75 µm was introduced by sharp saw cutting. Fatigue pre-cracking was not applied as 
the weld metal was sufficiently tough to exclude brittle fracture. Side grooves at either ends of the notch resulted in a 
total net section reduction of 10% (BN = 0.9B). Supporting standard tensile tests indicated a highly strain hardening 
base metal (Y/T ratio of 0.70) and a high weld strength overmatch of 40% based on yield strength. 
CTOD was obtained using the double clip gauge methodology as detailed in Verstraete et al. (2014). In summary, 
clip gauge readings at different knife heights were extrapolated to obtain CTOD according to Rice’s 90° intercept 
method. Also derived was the crack mouth opening displacement which, plotted against applied load, allowed for the 
construction of a crack growth resistance curve by means of the unloading compliance technique. Hereby, 
unloading/reloading cycles spanned 40% of the limit load Py, estimated as (W-a0)BNy, where yield strength y was 
derived as the 0.2% proof stress of an all-weld-metal tensile test (6 mm round bar). The test was performed at room 
temperature, the SE(T) specimen being deformed at a crosshead displacement speed of 0.005 mm/s with the exception 
of five initial unloading/reloading cycles in the linear-elastic region at 0.002 mm/s. The test was stopped beyond 
necking, when the load did no longer exceed 80% of its peak value of 35 kN. It is noted that the unloading compliance 
test procedure does not invalidate the assumed proportional loading for Eq. (1), as unloading/reloading cycles are 
linear-elastic (i.e., fully reversible). 
3. Results and discussion 
3.1. Numerical slip line analysis of homogeneous SE(T) specimens 
Focus is given to slip line analyses performed at specimen mid-width (i.e., in the transverse symmetry plane 
between the two side surfaces of the specimen). Analyses at the side surface gave rise to highly similar results. In 
other words, slip line trajectories in BxB SE(T) specimens do not significantly depend on the position of the plane 
within the specimen, which appears to be a secondary factor of influence. 
Figure 4 illustrates slip line trajectories obtained from an arbitrary simulation (E = 200 GPa, n = 15, a/W = 0.3; 
CTOD around 2 mm). Shown are contours of eq,pl, regions exceeding 0.15 being depicted black. The format of slip 
line representations, schematically shown on the right, is maintained throughout the paper. The figure reveals that slip 
lines in the deformed state are wider than in the undeformed state. In other words, slip line angles are lower in the 
deformed state. This is logical as the material surrounding the notch is longitudinally (vertically in the figure) stretched 
out. From the viewpoint of weld homogenisation, analyses in the undeformed state are more relevant as slip lines can 
be linked back to weld macrographs and local material properties (e.g., in the form of hardness maps). Further results 
are given according to the undeformed state. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Example slip line extractions at the transverse symmetry plane for (E = 200 GPa, n = 15, a/W = 0.3; CTOD around 2 mm). The same 
information is shown twice (in the deformed geometry and in the undeformed geometry) and schematically compared on the right. 
 
The effect of applied deformation level is illustrated in Fig. 5(a). Two sets of slip lines are depicted for the same 
configuration (E = 200 GPa, n = 10, a/W = 0.5); open markers represent an ‘early’ stage of deformation (CTOD = 0.1 
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numerical slip line predictions in homogeneous specimens has been reported by Van Gerven et al. (2015). A 
parametric finite element study involving complex heterogeneous welds is ongoing and outside the scope of this paper, 
the reader being referred to Hertelé et al. (2015) for more related information.  
2.3. Clamped SE(T) testing 
This paper extensively reports on the results of a selected experimental clamped SE(T) test of a girth weld 
connecting 36” diameter API 5L X60 pipes having a nominal wall thickness of 12.2 mm (depicted in Fig. 1). Reported 
observations with respect to slip line trajectories are in line with other SE(T) tests, excluded here for the sake of 
brevity.  
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The specimen had a square cross section (B = W = 9.70 mm, significantly lower as the pipe wall thickness due to 
weld misalignment) and a daylight length L between two mechanical clamping grips equal to 10W. A notch with initial 
depth a0/W = 0.4 and root radius 75 µm was introduced by sharp saw cutting. Fatigue pre-cracking was not applied as 
the weld metal was sufficiently tough to exclude brittle fracture. Side grooves at either ends of the notch resulted in a 
total net section reduction of 10% (BN = 0.9B). Supporting standard tensile tests indicated a highly strain hardening 
base metal (Y/T ratio of 0.70) and a high weld strength overmatch of 40% based on yield strength. 
CTOD was obtained using the double clip gauge methodology as detailed in Verstraete et al. (2014). In summary, 
clip gauge readings at different knife heights were extrapolated to obtain CTOD according to Rice’s 90° intercept 
method. Also derived was the crack mouth opening displacement which, plotted against applied load, allowed for the 
construction of a crack growth resistance curve by means of the unloading compliance technique. Hereby, 
unloading/reloading cycles spanned 40% of the limit load Py, estimated as (W-a0)BNy, where yield strength y was 
derived as the 0.2% proof stress of an all-weld-metal tensile test (6 mm round bar). The test was performed at room 
temperature, the SE(T) specimen being deformed at a crosshead displacement speed of 0.005 mm/s with the exception 
of five initial unloading/reloading cycles in the linear-elastic region at 0.002 mm/s. The test was stopped beyond 
necking, when the load did no longer exceed 80% of its peak value of 35 kN. It is noted that the unloading compliance 
test procedure does not invalidate the assumed proportional loading for Eq. (1), as unloading/reloading cycles are 
linear-elastic (i.e., fully reversible). 
3. Results and discussion 
3.1. Numerical slip line analysis of homogeneous SE(T) specimens 
Focus is given to slip line analyses performed at specimen mid-width (i.e., in the transverse symmetry plane 
between the two side surfaces of the specimen). Analyses at the side surface gave rise to highly similar results. In 
other words, slip line trajectories in BxB SE(T) specimens do not significantly depend on the position of the plane 
within the specimen, which appears to be a secondary factor of influence. 
Figure 4 illustrates slip line trajectories obtained from an arbitrary simulation (E = 200 GPa, n = 15, a/W = 0.3; 
CTOD around 2 mm). Shown are contours of eq,pl, regions exceeding 0.15 being depicted black. The format of slip 
line representations, schematically shown on the right, is maintained throughout the paper. The figure reveals that slip 
lines in the deformed state are wider than in the undeformed state. In other words, slip line angles are lower in the 
deformed state. This is logical as the material surrounding the notch is longitudinally (vertically in the figure) stretched 
out. From the viewpoint of weld homogenisation, analyses in the undeformed state are more relevant as slip lines can 
be linked back to weld macrographs and local material properties (e.g., in the form of hardness maps). Further results 
are given according to the undeformed state. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Example slip line extractions at the transverse symmetry plane for (E = 200 GPa, n = 15, a/W = 0.3; CTOD around 2 mm). The same 
information is shown twice (in the deformed geometry and in the undeformed geometry) and schematically compared on the right. 
 
The effect of applied deformation level is illustrated in Fig. 5(a). Two sets of slip lines are depicted for the same 
configuration (E = 200 GPa, n = 10, a/W = 0.5); open markers represent an ‘early’ stage of deformation (CTOD = 0.1 
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mm); solid markers represent a high CTOD-value of 2.3 mm. Clearly, slip lines move inwards as deformation 
progresses. Note that the sudden deviation of slip lines for CTOD = 0.1 mm around a horizontal position of -15 mm 
is due to numerical scatter, as regions of large plasticity at this CTOD level are still confined to the close vicinity of 
the notch. The inwards movement is hypothetically attributed to the longitudinal stretching of material near the 
notched section (recall the discussion of Fig. 4), and to localized ligament bending upon deformation. The latter is 
hypothesized to be a contributing factor since an inwards movement of slip lines is also observed (albeit to a lesser 
extent) when plotting slip lines in the deformed state (not shown in this paper).  
Effects of constitutive properties are illustrated for a/W = 0.5 in Figs. 5(b,c). Four combinations of Young’s 
modulus and strain hardening exponent are compared, two of which deserve particular attention: E = 200 GPa and n 
= 10 (realistic values for steel); E = 20,000 GPa and n = 500 (near to rigid-perfectly plastic behaviour). Their slip line 
trajectories are similar at both (b) a low CTOD level of 0.10 mm and (c) a high CTOD level of 2.3 mm, indicating 
that slip line field theory remains satisfactorily applicable to non-rigid, strain hardening materials. Indeed, all slip lines 
are close to the 45° lines predicted by slip line field theory. The following minor effects are observed: 
 
 Non-rigidity (E = 200 GPa as compared to 20,000 GPa) tends to shift slip line trajectories outwards for 
low CTOD levels, and inwards for high CTOD levels.  
 Strain hardening (n = 10 compared to 500) shifts the slip line trajectories outwards regardless of CTOD. 
 
 
Fig. 5. Slip line analyses at different deformation stages for various configurations having a/W = 0.5: (a) Influence of CTOD; (b, c) Influence 
of constitutive properties for early and advanced stages of deformation, respectively. Slip lines are represented in the undeformed geometry. 
Describing slip lines in terms of their angle  (defined in section 2.1), a roughly linear dependence on CTOD was 
found as illustrated in Fig. 6(a) for an example configuration. Hereby, typical local slip line deviations at the surface 
opposing the notch (Fig. 5c) have been excluded from the linear regression analysis to determine  as these non-
significant deviations unwantedly influenced the results. Describing slip line angle as  (°) = 0 + ’.CTOD (mm), 
results are graphically summarized for realistic materials (i.e., E = 200 GPa and n = 10, 15, 20) in Fig. 6(b,c). These 
figures reveal that: 
 
 initial angles (0) are close to 45°, less strain hardening and shallower notches promoting higher values. 
 slip line angle sensitivity to CTOD (’) increases as strain hardening and notch depth increase. 
3.2. Experimental slip line analysis of heterogeneous welded SE(T) specimen 
Figure 7(a) depicts the fracture surface of the tested specimen, made visible by forced brittle fracture after cooling 
the specimen in liquid nitrogen. The final crack depth amounts 0.66W (measured according to the nine points average 
method). Next to the obvious appearances of initial notch, stable crack extension and final fracture surface, a natural 
weld porosity is noted. A section cut was polished and etched (Fig. 7b). The CTOD-R curve obtained from unloading 
compliance analysis is shown in Fig. 7(c), where a represents crack extension. 
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Fig. 6. (a) Slip line angle linearly increases as a function of CTOD. (b, c) Graphical summary of 0 and ’ values. 
 
 
Fig. 7. (a) Post mortem fractography; (b) Post mortem weld macrography; (c) CTOD-R curve measured by unloading compliance. 
 
Figure 8(a) shows the evolution of slip line trajectories (plotted in the undeformed state) for increasing specimen 
deformation. It is immediately clear that the trajectories are significantly more irregular than the ones observed in the 
numerical study (section 3.1). Recalling from section 2.2 that numerically predicted slip lines have been 
experimentally validated against homogeneous SE(T) tests by Van Gerven et al. (2015), the irregularity of patterns is 
attributed to the presence of heterogeneous weld properties. Indeed, plotting a selection of slip lines against their 
corresponding positions in the weld Vickers hardness map (extract of Fig. 1) reveals that slip lines avoid regions of 
high hardness that occur in the weld heat-affected zones (indicated in red). In other words, slip lines tend to follow a 
path of weakest resistance. 
 
 
Fig. 8. (a) Slip lines for various levels of increasing CTOD; (b) Selection of slip lines plotted against the HV5 map of Fig. 1. 
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mm); solid markers represent a high CTOD-value of 2.3 mm. Clearly, slip lines move inwards as deformation 
progresses. Note that the sudden deviation of slip lines for CTOD = 0.1 mm around a horizontal position of -15 mm 
is due to numerical scatter, as regions of large plasticity at this CTOD level are still confined to the close vicinity of 
the notch. The inwards movement is hypothetically attributed to the longitudinal stretching of material near the 
notched section (recall the discussion of Fig. 4), and to localized ligament bending upon deformation. The latter is 
hypothesized to be a contributing factor since an inwards movement of slip lines is also observed (albeit to a lesser 
extent) when plotting slip lines in the deformed state (not shown in this paper).  
Effects of constitutive properties are illustrated for a/W = 0.5 in Figs. 5(b,c). Four combinations of Young’s 
modulus and strain hardening exponent are compared, two of which deserve particular attention: E = 200 GPa and n 
= 10 (realistic values for steel); E = 20,000 GPa and n = 500 (near to rigid-perfectly plastic behaviour). Their slip line 
trajectories are similar at both (b) a low CTOD level of 0.10 mm and (c) a high CTOD level of 2.3 mm, indicating 
that slip line field theory remains satisfactorily applicable to non-rigid, strain hardening materials. Indeed, all slip lines 
are close to the 45° lines predicted by slip line field theory. The following minor effects are observed: 
 
 Non-rigidity (E = 200 GPa as compared to 20,000 GPa) tends to shift slip line trajectories outwards for 
low CTOD levels, and inwards for high CTOD levels.  
 Strain hardening (n = 10 compared to 500) shifts the slip line trajectories outwards regardless of CTOD. 
 
 
Fig. 5. Slip line analyses at different deformation stages for various configurations having a/W = 0.5: (a) Influence of CTOD; (b, c) Influence 
of constitutive properties for early and advanced stages of deformation, respectively. Slip lines are represented in the undeformed geometry. 
Describing slip lines in terms of their angle  (defined in section 2.1), a roughly linear dependence on CTOD was 
found as illustrated in Fig. 6(a) for an example configuration. Hereby, typical local slip line deviations at the surface 
opposing the notch (Fig. 5c) have been excluded from the linear regression analysis to determine  as these non-
significant deviations unwantedly influenced the results. Describing slip line angle as  (°) = 0 + ’.CTOD (mm), 
results are graphically summarized for realistic materials (i.e., E = 200 GPa and n = 10, 15, 20) in Fig. 6(b,c). These 
figures reveal that: 
 
 initial angles (0) are close to 45°, less strain hardening and shallower notches promoting higher values. 
 slip line angle sensitivity to CTOD (’) increases as strain hardening and notch depth increase. 
3.2. Experimental slip line analysis of heterogeneous welded SE(T) specimen 
Figure 7(a) depicts the fracture surface of the tested specimen, made visible by forced brittle fracture after cooling 
the specimen in liquid nitrogen. The final crack depth amounts 0.66W (measured according to the nine points average 
method). Next to the obvious appearances of initial notch, stable crack extension and final fracture surface, a natural 
weld porosity is noted. A section cut was polished and etched (Fig. 7b). The CTOD-R curve obtained from unloading 
compliance analysis is shown in Fig. 7(c), where a represents crack extension. 
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Fig. 6. (a) Slip line angle linearly increases as a function of CTOD. (b, c) Graphical summary of 0 and ’ values. 
 
 
Fig. 7. (a) Post mortem fractography; (b) Post mortem weld macrography; (c) CTOD-R curve measured by unloading compliance. 
 
Figure 8(a) shows the evolution of slip line trajectories (plotted in the undeformed state) for increasing specimen 
deformation. It is immediately clear that the trajectories are significantly more irregular than the ones observed in the 
numerical study (section 3.1). Recalling from section 2.2 that numerically predicted slip lines have been 
experimentally validated against homogeneous SE(T) tests by Van Gerven et al. (2015), the irregularity of patterns is 
attributed to the presence of heterogeneous weld properties. Indeed, plotting a selection of slip lines against their 
corresponding positions in the weld Vickers hardness map (extract of Fig. 1) reveals that slip lines avoid regions of 
high hardness that occur in the weld heat-affected zones (indicated in red). In other words, slip lines tend to follow a 
path of weakest resistance. 
 
 
Fig. 8. (a) Slip lines for various levels of increasing CTOD; (b) Selection of slip lines plotted against the HV5 map of Fig. 1. 
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A closer analysis of the strain distributions obtained by digital image correlation indicates that the representation 
of deformation behaviour on the basis of slip lines is a severe simplification of reality. Indeed, the distorted slip lines 
at the bottom of Fig. 8 are the consequence of the splitting of the deformation band into a primary and a secondary 
branch. The implications of such phenomenon on the crack driving force response and its determination through weld 
homogenization is the subject of current work. 
 
 
Fig. 9. DIC reveals the splitting of the bottom deformation band into multiple branches. 
4. Conclusions 
A deformation analysis procedure has been developed to reveal slip lines in clamped SE(T) simulations and tests, 
the latter being assisted by digital image correlation. Homogeneous SE(T) simulations indicate that slip lines are close 
to the theoretically predicted 45° angled lines originating from the notch tip. Hereby, slip lines move closer as CTOD 
is increased, their sensitivity to CTOD being influenced by notch depth (a/W) and constitutive material properties 
(notably: strain hardening). The observations are attributed to longitudinal straining and localized bending of the 
ligament. More complex deformation patterns are observed for an SE(T) experiment sampling a heterogeneous weld. 
Hereby, deformation bands avoided hard regions in the weld heat affected zone, resulting in a branching of slip lines. 
It is concluded that slip line field theory, albeit supporting on severe assumptions regarding material and boundary 
conditions, is to a satisfactory extent applicable to predict slip lines in homogeneous SE(T) specimens. Its applicability 
in heterogeneous welds is less clear-cut. The resulting implications of this observation on weld homogenisation 
procedures for crack driving force prediction are investigated in ongoing work. 
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